ABSTRACT Development of a vaccine against H. pylori is regarded as desirable alternative to the current antibiotic therapy regimens. Mice immunized with an attenuated recombinant Salmonella typhimurium expressing H. pylori urease subunits A&B have dramatically reduced bacterial loads after a single dose. The mechanism(s) of protection against this largely extra-cellular pathogen are not fully understood. The aim of this study was to identify genes that were regulated specifically in response to immunization, in order to gain a broader picture of the immune response in the immunized gastric epithelium. Gene expression in RNA isolated from the gastric mucosa of immunized and infected Balb/c mice was compared with that in infected only mice at 1, 3, and 14 days after challenge with a mouse-adapted strain of H. pylori. We show that infection with H. pylori causes an immediate reaction in vivo, which was clearly divided into acute and chronic phases, and further that the transcriptional response in the H. pylori infected and immunized gastric mucosa is unique. Analysis of gene expression patterns at day 14 post-infection suggested not only the beginning of a lymphocytic infiltrate, but of an integrated epithelial response characterized by increased expression of genes controlling cell cycle and turnover. This observation was confirmed in independent experiments. The global approach has brought new insights to the effect of immunization on the gastric epithelium and has led us to propose a new multi-factorial model for the mechanisms underlying vaccine-induced protection.
more cost-effective way to control disease. The immune response to H. pylori infection is not completely understood. Whereas Th1 biased inflammation is thought to be the cause of gastritis and other sequelae, an inflammatory process induced by immunization leads to dramatic decreases in bacterial colonization. Also, reports have shown that the inflammatory response induced by immunization could lead to gastric symptoms, although these reports are restricted to animal models and it is unclear whether this would also occur in human patients. A better understanding of the inflammatory process and the mechanism of immune-mediated immunity will be essential to allow us to design appropriate human vaccines.
The mouse model of H. pylori infection has been invaluable for improving our understanding of the immune response to this bacterium, and vaccination is effective in this model. Numerous studies have attempted to reveal the immunological basis of immunization. As a result of studies using knockout mice, it is now clear that protection is MHCII-dependant (3, 4) but that antibodies IFN-γ (5) and IL-4 and IL-13 (6) are not required. Furthermore, it has been reported that CD4+ T cell lines of Th2 (7) or mixed-type (8) could confer protection after transfer to naïve recipients. Despite these significant advances, a clear link to an effector mechanism cannot yet be made.
Given that protection is dependent on CD4+ cells, which are not capable of directly killing bacteria, it is reasonable to assume that the protective effect itself is mediated via the epithelial cells of the gastric mucosa. We took a transcriptome profiling approach to identify genes responsible for protection by performing microarray analysis of the gastric mucosa of mice immunized with recombinant Salmonella expressing H. pylori UreA/B.
MATERIALS AND METHODS

Immunization with recombinant Salmonella typhimurium expressing urease A&B
Female Balb/c mice (6-8 weeks old) were immunized with a single oral dose of 1 × 10 7 recombinant S. typhimurium expressing H. pylori urease subunits A&B (SL3261pYZ97) on day 35 . On day 0 mice were infected with a single oral dose of 1 × 10 9 of a mouse-adapted strain of H. pylori (Hp76) suspended in sterile PBS (9) . Control non-immunized mice were also infected or sham-infected with PBS alone at this time. Mice were killed at time points 1, 3, and 14 days after challenge, and 3 mice from each group were sampled at each time point. To obviate any effects of stress, one mouse from each control and experimental group was killed within 10 min, and these time-matched samples were compared against each other. The stomach was removed, and 1/3 of the tissue was frozen immediately in liquid N 2 , for preparation of RNA. The remaining tissue was halved, and one part was weighed, homogenized, and then serially diluted and plated out on GC agar plates containing vancomycin and streptomycin to determine the number of colony-forming units (cfu) of H. pylori as described previously (8) . The remaining tissue was embedded and frozen for histological analysis.
For RNA extraction, the stomach mucosa was scraped off with a sterile scalpel blade until ~2/3 of the tissue was removed. Histological assessment of the remaining tissue fragments after scraping revealed that ~2/3 of the depth of the gastric glands had been removed and that muscle and connective tissue was not included (not shown). Three mice from each group with similar colonization levels were selected, i.e., in the case of immunized mice, three mice with significantly reduced cfu. Total RNA was prepared from the scraped tissue (~30 mg per 1/3 stomach) using the Rneasy protocol with on-column DNase digestion (Qiagen, Hilden, Germany). RNA from a group of normal mice (n=8) was also prepared in the same manner to determine a "normal" range for basal gene expression. RNA was confirmed to be intact and free of contaminating DNA using the Lab-on-a-chip system (RNA nano kit, Agilent 2100 Bioanalyzer, Agilent Technologies, Palo Alto, CA).
In situ oligonucleotide arrays
A custom oligonucleotide glass array of specific 60 mer oligonucleotides representing 8187 mouse genes was designed based on Unigene clusters (Unigene build #148). Gene selection was biased toward intestinal, mucosal surfaces and immunological genes and was based on literature and term searches of public databases. Additional clusters were chosen by selecting normal organ-specific libraries published in the Cancer genome Anatomy Project (including: stomach, small intestine, liver, lung, colon, lymph node, macrophage, T cell). The finished design consisted of ~50% EST sequences. For each gene, specific 60 mer oligonucleotides were designed using proprietary algorithms from Rosetta Biosoftware (Kirkland and Agilent Inc., Palo Alto, CA). Positive and negative control oligonucleotides (Mus musculus GAPDH and Arabadopsis thaliana genes, respectively) were also spotted. To confirm accuracy, a subset of genes was spotted in triplicate, with three separate probe designs. The probe design included a base composition filter and a homology search based on experimental data to minimize crosshybridization. Oligonucleotide probes were synthesized and deposited by Agilent Technologies Inc. (Palo Alto, CA) using in situ using ink-jet printing technology as proposed by Blanchard et al. (10) .
Labeling and hybridization
RNA was amplified and labeled using a reverse-transcriptase/T7 polymerase linear amplification labeling kit (Agilent), and 1.5 µg of matched test cRNAs labeled either with Cy3 or Cy5 were hybridized for 16 h at 65°C to arrays. Slides were scanned by using an Agilent G2565AA Microarray scanner. Automatic feature extraction was performed by using Image Analysis and Feature Extraction software (version A.4.0.37, Agilent Technologies Inc., Palo Alto, CA) that utilizes an error model developed for this array. Background signal was determined by using negative control spots, and subtracted data were normalized relative to non-regulated genes. Data from hybridizations from three matched pairs of mice at each time point were combined, and a weighted average of the expression signal ratio and P value was calculated for each gene. Data manipulation and analysis were performed by using the Rosetta Resolver TM (Vers. 3.2, build 3.2.02.40, Rosetta Biosoftware, Seattle, WA).
Real-time PCR
RNA from individual mice was reverse-transcribed (Superscript II, Invitrogen, Karlsruhe, Germany). The resulting cDNA was precipitated to remove reaction mix and was resuspended in water to a final concentration of 1 ng/µl. This cDNA was used in a semiquantitative real-time SYBR-green PCR assay. The cDNA was amplified in a reaction mix containing SYBR Green 2´ mastermix (Applied Biosystems, Darmstadt, Germany), specific primers (0.3 mM each, sequences listed in Supplementary Table 3) , and cDNA (5, 7.5, 10, and 12.5 ng/reaction). The PCR product was amplified for 40 cycles, and dissociation curves were used to exclude nonspecific amplicons or primer dimers (TaqMan, Applied Biosystems, Foster City, CA). Semiquantitative analysis was performed using the ABI Prism 7000 software. Target and control gene (HPRT) were amplified from cDNA from naïve, immunized, and infected and infected-only mice in serial dilutions as above. Standard curves for all primers were constructed and used as a basis for determining the efficiency of the primers. The efficiency and Ct values for each gene were used to calculate the ∆∆Ct (11).
Immunohistochemistry
One-third of the stomach tissue was embedded in OCT medium (Sakura Finetech, Torrance, CA) and was frozen immediately over liquid N 2 . Cryosections (8 µm) were cut and air-dried overnight at 4°C. Sections were fixed for 10 min in ice-cold acetone, dried, and washed for 10 min in tris-buffered saline (TBS; 0.1 M Tris, pH 7.2). Blocking steps: endogenous peroxidase (10 min, 0.3% H 2 0 2 in methanol), Fc receptor blocking (30 min, 2% normal mouse serum) and endogenous biotin (Vector Labs, ABC blocking kit, Burlingame, CA) were also performed as required. Slides were washed for 10 min between each step with TBS 0.05% Tween 20 (TBS-T). Sections were incubated with primary antibodies diluted in 2% mouse serum overnight at 4°C. Rat monoclonal antibodies against mouse MHC II (M5/114), CD11b (M1/70), and CD45R/B220 (RA3.6B2) were detected using a biotinylated anti-rat antibody (Vector, Burlingame, CA), followed by streptavidin-labeled Cy3 or FITC (Jackson ImmunoResearch Europe Ltd.,Cambridgeshire, UK; 1:400). Biotinylated rat anti -CD54 (3E2) (BD Biosciences, San Diego, CA) was detected with substrate, 3,3′,4,4′-Tetraaminobiphenyl (DAB) after incubation with avidin biotin complex (ABC complex, Vector Labs) as recommended by the manufacturer. Sections of normal spleen were used as positive controls. Negative controls were incubated with TBS/2% mouse serum without primary antibody. Matching isotype controls (BD Biosciences) were also used to confirm specificity of binding.
In situ hybridization
Digoxigenin (DIG)-labeled RNA probes were generated using Defcr4-or Dmbt1-specific primers tagged with either the T7 or T3 promoter by protocols supplied by the manufacturer (Roche, Manheim, Germany). Cryostat sections (8-10 µm thick) were mounted on Superfrost slides (Roth, Karlsruhe, Germany). Sections were post-fixed in 4% paraformaldehyde-PBS (1 h at 4°C) and washed in 1× PBS before being dehydrated with 100% ethanol and dried overnight at room temperature. Hybridization was performed as described previously (12) , and sections were counterstained with Meyers hematoxylin and mounted with Mowiol (Sigma) for light microscopy.
Detection of epithelial cell proliferation in the mucosa
Immunized and infected or infected-only mice were injected intraperitoneally with 300 µg of Bromodioxyuridine (BrdU; Sigma) on day 14 post-challenge and were killed 2 h later. The stomach was removed and prepared as described above and for histology. Cryosections (8 µm thick) were post-fixed in 2.5% paraformaldehyde in PBS and then washed. After blocking Fc receptor (10% goat serum, 30 min) and blocking of endogenous avidin and biotin (Vector Labs), sections were then incubated for 30 min in 2 N HCl to denature DNA. BrdU incorporation was detected by using a specific antibody (rat anti-BrdU, Abcam, Basingstoke, UK) diluted 1:40. Sections were incubated overnight at 4°C, and secondary antibody (biotinylated rabbit anti-rat, Vector Labs) followed by streptavidin Cy3 (Jackson Laboratories The number of positivestained nuclei per gland unit were counted in a minimum of 100 crypts, from 3 non-serial sections using a 40× objective and a Leica Axiovert microscope with UV filter. Data are expressed as the mean number of cells per gland unit (± SEM) in the antrum or corpus, respectively (n=3 mice per group).
RESULTS
Immunization with recombinant S. typhimurium expressing H. pylori urease A&B protects mice against H. pylori challenge Immunized mice had significantly reduced bacterial loads as early as 7 days post-infection (Fig.  1A) . The cfu remained low for at least 11 months. Although colonization levels were dramatically reduced, we did not observe sterile immunity. This is in keeping with our previous findings (8) .
Establishment of a gene expression "baseline" in naïve Balb/c mice
To estimate the normal range of individual variation in the expression of genes, RNA from a group of non-treated mice from our animal facility were hybridized with RNA from an arbitrarily defined "standard mouse". In this way, an expression ratio was determined for each gene for each of seven control mice. Analysis of gene expression in this group of mice revealed that 98.8% of the 8187 genes on our array varied less then twofold from the "standard mouse" in their expression level, and 99.8% varied less than threefold (data not shown). As a result, a relatively conservative limit of threefold was set as the cut-off of a significant change in gene expression. Twenty-two genes were found to vary more than threefold in their expression level, and these were eliminated from the analysis. For the experimental comparisons, data from duplicate hybridizations from three pairs of time-matched individual mice were combined and a weighted average expression ratio and P value was calculated for each gene. Thus, a P value <0.05 and a fold change of at least 3 were considered significant for a change in gene expression.
Two experiments were performed with RNAs from infected and immunized and infected mice: 1) RNA from infected mice were hybridized with RNA from non-infected mice to obtain the "infection signature"; 2) RNA from protected immunized and infected mice were hybridized with RNA from infected mice to make a direct comparison and to obtain the "immunization signature". Figure 1B shows that 300 genes passed the cut-off criteria for a significant change in gene expression, and the trend plot illustrates the global gene expression pattern over the time course of the experiment. Only genes that were differentially expressed in infected mice are shown.
Infection with H. pylori causes a rapid and dramatic change in global gene expression in the gastric mucosa
Twenty-four hours after oral challenge with H. pylori, 121 genes were observed to be significantly up-or down-regulated in infected mice. At this point, no difference could be observed in the epithelium or the infiltrating cell population in infected mice using histological techniques. Most of the genes that were up-regulated at day 1 had returned to starting expression levels by day 3. At day 14, a different set of genes were differently expressed (See for example Fig. 1B , red highlighted genes). This finding indicates that at least two major shifts in gene expression in the mucosa occur as the H. pylori infection becomes established.
The infection signature was characterized by a down-regulation of innate immune response (defensin-related cryptdins-Defcr), B cell-related genes (IgL, Ly64, IgH-6, IL-15ra) and stressresponse genes (e.g., Hsp70-3; Table 1 ). By day 14, gastrin was up-regulated, and again (different) immune response genes were down-regulated relative to naïve mice (Irf7, Tnf) as were genes controlling cell migration (Cmbkbr1l1, Scya12, B7 antigen). A selection of infection signature genes is listed in Table 1 (a complete listing may be found in Supplementary Table 1) .
Immunized mice have a unique gene expression pattern
Although most of the genes on the array were similarly expressed, 453 genes passed the cut-off criteria for a significant change in gene expression, i.e., relative to infected mice, and the trend plot illustrates the global gene expression pattern over the time course of the experiment (Fig.  1C) . Twenty-four hours after infection with H. pylori, 108 genes were either up-or downregulated in immunized mice, indicating a unique and direct influence of immunization on the mucosa even in the acute phase of infection. Bacterial numbers were the same in infected and immunized and infected mice at this time point (Fig. 1A) , and it is reasonable to assume that the gene expression reflects additional influences of infiltrating cells in the lamina propria and/or epithelial cells. Interestingly, and similar to that observed for infected mice, a separate set of genes was differentially expressed at days 1 and 14 (See Fig. 1C , green and yellow highlighted genes. Genes from this group, which were also differentially expressed in infected mice, are indicated by yellow or green lines in panel 1B). Thus, the immunization signature is unique and additional to the infection signature. (Immunization signature genes are listed in Table 2 , and a complete list of immunization signature genes may be found in Supplementary Table 2 .) Analysis of the immunization signature revealed an increase in Ifn-γ expression at day 1 compared with infected mice, the anti-microbial peptide Defcr4, and several genes involved in proliferation (Slc7a1, Targ6, Fgf20; Table 2 ). By day 14 a new set of inflammation-related genes (Ifn-γ dependent, T cell-specific GTPases-Igtp, Ligp-pending, ifi202b; MHCII, proteasome subunits) were expressed, reflecting a developing lymphocytic infiltrate. Epithelial maintenance/defense (Dmbt1) and proliferation-enhancing genes were also up-regulated (e.g., Dhh, Gdf9), the latter indicating a possible effect of immunization on epithelial turnover. In addition, non-classical inflammatory genes such as the pro-inflammatory adipokine Acrp30 (adiponectin), fatty-acid binding protein Lipocalin 2 (Lcn2) were up-regulated. Galanin receptor 1 (Galr1), a mediator of hunger perception and modulator of leptin signaling, was also strongly up-regulated. Leptin receptor (Lepr) was down-regulated at day 14, although less than the threefold limit.
Confirmation of gene expression and functional analysis of immunization signature genes
Our analysis of the immunization signature supported our previous observations of a scant lymphocytic infiltrate early in infection (Lucas et al., submitted) and led us to speculate that epithelial response genes may play a role in protection. In addition, we predicted that immunization influences the rate of proliferation of the gastric mucosa. The expression of selected genes was therefore confirmed in tissues from mice in the array and independent experiments.
Immune cell markers
As noted, it is not possible to detect differences in the gastric mucosa of infected and immunized mice at early stages of infection by using standard histological analysis. We used immunohistochemistry to perform a more detailed investigation of the early infiltrate by using a panel of immunological surface markers (Fig. 2) . The number of positive-stained cells was counted, and, although total numbers were low and considerable variation between individuals was seen, the general increased expression of MHCII in immunized mice at day 1 (P<0.05) and at day 14 and increased ICAM1 (CD54; P<0.05) expression at day 14 seen in array data were also observed in histology. We could not detect significant numbers of CD4 or CD8 positive cells at the time points studied here using immunohistochemistry, although in FACs studies we could detect a small populations of CD4 and CD8 cells as early as day 3 (data not shown).
Epithelial and stress response genes
Semiquantitative SYBRgreen PCR analysis confirmed the increased expression of Defcr4, Aqp5 at day 1 and Dmbt1, Sftpd, and Hsp70-3 at day 14 in immunized mice (Fig. 3 A, B) . Immunolocalization studies on cryosectioned tissue from mice in the microarray and independent experiments revealed that Aqp5 is expressed on the cell membrane of the basal crypt cells and surface epithelial cells (Fig. 3C) . Immunohistochemistry studies showed that Sftpd and Dmbt1 co-localize to the luminal edge of the epithelium (data not shown). In situ hybridization with a DIG-labeled RNA probe specific for Dmbt1 showed that the protein is secreted mainly in the cells of the gastric glands in the antrum and corpus and, to a lesser extent, in the apical mucus-producing cells (Fig. 3E) . In situ hybridization also showed that Defcr4 mRNA was expressed in the basal cells and their precursors (Fig. 3G) .
Immunization influences the rate of proliferation of the gastric epithelium
Analysis of the genes regulated at day 14 post-infection revealed that a significant proportion was involved in cell turnover or proliferation (See Table 2 ). This finding prompted us to question whether immunization induces a general increased proliferation in the epithelium as part of the protective mechanism. BrdU incorporation studies showed that at day 14 the neck cells of immunized mice had indeed incorporated more BrdU than those of infected-only mice (Fig. 4) . This effect was more distinct in the antrum region where approximately twice as many BrdUpositive nuclei were detected (Fig. 4B) .
DISCUSSION
Little progress has been made in the study of the mechanisms underlying vaccine-induced protection against H. pylori in recent years. Despite a range of immunological studies [reviewed in (13) ], the mechanisms remain the subject of speculation (13, 14) . The aim of this study, therefore, was to identify genes that were specifically expressed in immunized and infected mice and thus to shed light on what happens in vivo when the immunized epithelium is challenged with H. pylori.
The suppressive effects of immunization on H. pylori cfu are first detectable between days 3 and 14 in this vaccination model (Fig. 1A) . We hypothesized that the crucial events must occur within a few days of exposure to H. pylori. The strain of mice (Balb/c) used in this study has been reported to develop little inflammatory infiltrate in response to H. pylori infection compared with the C57 Black/6 strain. This is, however, strongly dependent on the strain of H. pylori used (15) . Both C57 Black/6 and Balb/c mice are protected by immunization, however (16, 17) , and the initial colonization follows similar kinetics to that shown here (Fig. 1A,  unpublished observations) . We conclude that additional factors are relevant for protection.
It has been demonstrated that mucosal antibody is not responsible for protection (4) and that, in order for immune cells (chiefly CD4+ lymphocytes) to have an effect on the luminal H. pylori, a signal must be transmitted to the epithelial cells, stimulating them to produce the factors that ultimately suppress bacterial growth. An interesting feature of the infection signature was the down-regulation of innate mediators (defensin-related cryptdins) and B cell-related genes (Table  1 ). This transient suppression of the initial inflammatory response may represent a mechanism to allow H. pylori to become established in the gastric niche. Defensin-related cryptdins are α-defensins and are short, charged peptides that act by damaging the bacterial cell wall. They are expressed in a pro-active form and only become active after cleavage by matrilysin (18) . These genes were until recently only reported to be expressed in the crypts of the intestinal epithelium, where they have been shown to exhibit anti-microbial activity and, more recently, to play a role in regulating the proliferation of paneth cells (19) . Interestingly, one member of this gene family-defensin-like cryptdin 4 (Defcr4)-was specifically induced in immunized mice at day 1. At least 16 members of this gene family have been predicted in the mouse genome (20) , and not all were represented on our array. It is likely that the expression of additional cryptdins is also influenced by immunization, and we are currently investigating this possibility. Although cryptdins do not appear to control the H. pylori infection in the long-term, it is likely that they contribute to bacterial killing and may be responsible for the very early, transient suppression of colonization that we have observed (see Fig. 1 , and Lucas et al., submitted).
Immunization also induced expression of other innate mediators at day 14, and these may play a role in the long-term suppression of H. pylori. The Dmbt1 gene produces a sulfated mucin-like glycoprotein-crp-ductin, which is expressed in many tissues, including the intestine (21) and agglutinates bacteria, and binds to the mucosal collectin surfactant protein D (Sftpd; 22). Sftpd, on the other hand, has been shown to bind to Helicobacter and reduce its motility, and its expression is increased in patients with H. pylori gastritis (23). The Sftpd gene was not represented on the array used in this study, and it was of interest to see whether these two genes were co-regulated. Indeed we found that the Sftpd gene was also up-regulated in immunized mice 14 days after challenge (Fig. 3B) . As crp-ductin is a secreted protein, it is probable that after secretion it is transported with the mucus layer to the luminal edge. One study reported that crp-ductin may be a receptor for Trefoil factor 2 (Tff2; 24), although this has not been confirmed. Based on our preliminary data and that from the literature, these two proteins would appear to be interesting candidates as effectors in immunity against H. pylori.
Both the transcriptome and immunohistochemical analyses showed that the expression of common immune cell surface markers did not differ significantly between infected and immunized mice (see Fig. 2 ). Of the "classical" inflammatory mediators, only Ifn-γ and Scya5 (Rantes) were found in the immunization signature (Table 2) , which led us to look further and to suggest a role for "non-classical" cytokine-like mediators, such as adipokines (adiponectin/Acrp30, leptin) and osteopontin (Spp1) in protection ( Table 2) . Adipokines are cytokine-like molecules produced by mature adipocytes and some other cell types (e.g., T cells, epithelial cells) and have recently been implied as a link between the endocrine and immune systems. Leptin is a hormone that regulates the perception of hunger, and therefore food and energy intake, and it also has cytokine-like activity. Recently is has been shown that the leptin receptor is expressed on a variety of cell types, including epithelial cells and T-cells (25) . Interestingly adipsin, another member of the adipokine family, was identified in the immunization signature in the only other published study of gene expression in immunized mice (26) . Mueller and co-workers performed a gene expression analysis on the gastric mucosa of protected, Balb/c mice (immunized with H. felis sonicate and cholera toxin) 22 months after challenge with H. felis. An analysis of the gene expression profile also revealed a clear molecular signature in immunized mice. Interestingly, protection was correlated with the expression of adipsin and a number of other genes expressed by mature adipocytes. This adds weight to the significance of adipokines at all stages of the protective immune response.
The involvement of such non-classical immune mediators in protection may explain in part why immunological studies focusing on Th1/2 responses resulted in conflicting results (e.g., 7, 8) . This may also go some way to explain the sex differences that have been observed in colonization and pathology in H. pylori-infected mice (6, 27) . Leptin levels are known to be greater in females, and this molecule has been reported to enhance Th1 type responses, by stimulating T cell proliferation (28) , to enhance Ifn-γ induced production of NOS and Cox-2 in macrophages (29) . Indeed leptin has been shown to play a key role in intestinal inflammation in a colitis model. Leptin-deficient mice (Ob/Ob) exhibited a 72% reduction in colitis severity, and CD8 + T cells were reduced in their number and in their ability to synthesize Ifn-γ (25) . At this time it is not clear whether leptin and/or Acrp30 are produced by the adipose tissue or by Tcells/epithelial cells in the mucosa of immunized mice. Our preliminary data from immunohistochemistry studies have revealed that T cells in the mucosa of immunized mice do stain with a leptin-specific antibody (not shown), which suggests that leptin (and other adipokines?) produced locally by T cells may play an important role. We are currently investigating the role of leptin and leptin-receptor signaling in vaccine-mediated protection to H. pylori.
Inflammation also influences the integrity of the epithelial barrier, and edema is a characteristic of gastric inflammation. Aquaporin 5 (Aqp5) is expressed at the basolateral and intercellular cell junction in the gastric glands and is thought to play role in the maintenance of water balance in the epithelium (30) . Aqp5 expression was up-regulated at day 1 (2.7-fold) and then downregulated at day 3 in immunized mice, indicating that immunization has immediate effects on water transport in the epithelium and suggesting that it may lead to less edema. We localized Aqp5 protein to the cell junctions in the basal crypt cells in infected mice (Fig. 3C ) and propose that it plays a role in the modifications to epithelial barrier function, which has already been attributed to H. pylori infection (31) .
H. pylori infection is known to induce alterations in cell cycle in vitro (32) and was reported to cause a net reduction in epithelial proliferation in vivo in swine (33) . Recently H. felis infection was shown to induce increased epithelial proliferation in female C57 Black/6 mice at 8 and 52 weeks after infection (27) . The effects of H. pylori on epithelial cell proliferation may relate to the intensity to the inflammatory process, and it is interesting to note that the gene expression pattern suggested an increased rate of proliferation with a number of genes related to growth and proliferation being up-regulated in immunized mice at after 14 days of infection (see Table 2 ). We confirm this phenomenon experimentally in independent experiments using BrdU incorporation (Fig. 4) . A more rapid turnover of the crypt cells, and probably increased epithelial sloughing as a result, could be expected to create less-favorable local conditions for H. pylori. Sutton (14) suggests that immunization may lead to alterations in gastric mucin synthesis and that this is responsible for reduced H. pylori colonization. We observed no significant change in expression of either gastric mucin (muc5AC) or transferase genes responsible for glycosylation of mucins in immunized mice, although infection did result in disregulation of 2 mucin synthesis genes at day 1 ( Table 1) . Although it is likely that inflammation does influence mucin synthesis, these changes may not be detectable at the transcriptional level.
Numerous published reports have attempted to shed light on gene regulation in H. pylori infection by using the microarray approach to study global gene expression in vitro in gastric epithelial cells [34-36; reviewed in (37)]. Rapid up-regulation of inflammatory mediators and a variety of transcription factors were the hallmarks of the expression pattern. However, few of the genes regulated in these studies have also been observed in vivo. The differences observed between in vitro and in vivo models of infection should be seen in the light of two considerations: First, the time scale of in vitro experiments is necessarily limited to a range of hours, not days or weeks, and therefore will reflect early acute responses rather than an established inflammatory response. Second, in vivo studies reflect gene expression in a tissue composed of a variety of cells types; therefore, interactions and regulatory mechanism, which are absent in an in vitro mono culture, are playing a role.
An elegant study by Mills et al. (38) compared gene expression in Helicobacter infection in normal and parietal cell-deficient mice. By comparison of normal and deficient mice, a gene expression profile specific for parietal cells could be determined. Of the genes from this profile that were present on our array (e.g., CD36, Aqp4, Igfbp2, Fabp3, Clcn3, Aldh2, Vegfb, Pmp20-pending), most were strongly expressed but none passed the cut-off criteria for a change in gene expression in infected mice, or immunized and infected mice. This result is in keeping with the authors' conclusion that the transcriptional response of parietal cells to H. pylori infection is limited. We conclude that parietal cells probably do not play a significant role in protection.
The analyses described here are restricted to genes of known or predicted function, and approximately half of the regulated genes we detected were of unknown function (ESTs; see supplementary tables). Further characterization of these genes will undoubtedly reveal additional aspects important for gastric immunity.
Two possible models for vaccine-induced protection have been proposed-one in which H. pylori-specific CD4+ T cells secrete mediators that influence gastric epithelial cells to produce altered mucins which alone or in combination make the local environment unfavorable for H. pylori (14) ; and a second proposal extends this and proposes that H. pylori may also come in direct contact with activated phagocytes (13) . We now suggest a multi-factorial model for the protection mechanism, which extends that proposed by Sutton (14) . Within 24 h of challenge with H. pylori in immunized mice, secretion of innate factors such as Defcr4 results in at leasttransient suppression of bacterial growth. Within 3-5 days a small population of specific CD4+ T cells migrates to the gastric mucosa, where they secrete mediators such as adiponectin and possibly leptin. These mediators act on epithelial cells, probably via their specific receptors, and cause secretion of epithelial defense factors, including crp-ductin and Surfactant protein D, which bind bacteria and reduce their motility. This, coupled with increased epithelial turnover and possibly also altered mucin secretion, make the gastric niche unfavorable for H. pylori. The combination of these effects results in the long-term suppression of H. pylori colonization (but not sterile immunity) observed in immunized mice. Figure 1 . Immunization with recombinant S. typhimurium expressing H. pylori urease A&B protects mice against H. pylori challenge and results in a unique gene expression signature. Colony-forming units (cfu) of H. pylori (Hp76) retrieved from the stomachs of mice at intervals post-infection (A). Immunized mice (thick line) have significantly lower bacterial loads than infected only mice (thin line) after 7 days, and this effect persists for at least 11 months (*P<0.05). Error bars represent the standard error of the mean (SEM), n=5 mice per data point, except on day 14 where n = 3 mice. RNA was prepared from tissue for microarray analysis on days 1, 3, and 14 (blue arrows), and two experiments were performed. Trend plot showing the expression pattern for (B) the infection signature (300 genes) and (C) the immunization signature (453 genes) in the gastric mucosa of Balb/c mice of mice between days 1 and 14 post-challenge with mouse adapted H. pylori (Hp76). Each line in the trend plot represents one gene; only genes that were more than threefold changed at at least one time point are shown. The infection signature was characterized by two distinct phases, and genes that were for example up-regulated on Day 1 were generally down-regulated on day 14 (e.g., red highlighted genes). Similarly, the immunization signature was characterized by two distinct phases (see e.g., green and yellow highlighted genes. Only a small number genes were found in both the infection and immunization signature (53 total), see for example red highlighted genes in (C). selected epithelial response genes as determined by semi-quantitative SYBR green assay. Defcr4 and Aqp5 were more strongly expressed in immunized and infected mice at day 1 after infection (A); at day 14 Dmbt1, Sftpd, and Hsp70-3 were also more strongly expressed in immunized mice (B); Sfptd interacts with Dmbt1. Bars represent the mean expression ratio obtained from at least five mice from two independent experiments. Aqp5 (FITC labeled) localized to the cell membrane of the basal gland cells and to the surface epithelial cells (C), Aqp5 was detected with a specific antibody, (D) negative control. Localization of Defcr4 and Dmbt1 mRNA was determined by in situ hybridization. Defcr4 was expressed strongly in basal cells (arrows; E), and Dmbt1 was expressed in basal gland cells and their precursors and more weakly in the superficial epithelial cells (arrows; G). F, H) Show negative controls performed with sense probes for Defcr4 and Dmbt1, respectively. Tissues are counterstained with hematoxylin, original magnification 20×. 
